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Low-Cost Molybdenum Carbide and Tungsten Carbide Counter
Electrodes for Dye-Sensitized Solar Cells**
Mingxing Wu, Xiao Lin, Anders Hagfeldt, and Tingli Ma*

In the past two decades considerable scientific and industrial
attention has been focused on dye-sensitized solar cells
(DSCs) because of the low cost, environmental friendliness,
and simple preparation procedures for various photovoltaic
devices. Typically, a DSC comprises a dye-sensitized nano-
crystalline semiconductor electrode (TiO,), an electrolyte
with a redox couple (triiodide/iodide), and a counter elec-
trode (CE), in which triiodide is reduced to iodide by the
electrons flowing through the external circuit."

A fluorine-doped tin oxide (FTO) glass loaded with Ptis a
conventional CE with good electrocatalytic properties for the
reduction of triiodide to iodide.”! However, as a noble metal,
Pt is scarce and expensive. Finding inexpensive substitutes for
Pt as an alternative CE in the DSC system is therefore crucial.
The normal approach is to replace Pt with abundant, non-
precious materials that are not susceptible to price inflation
under high-demand circumstances.®! Heretofore, several
kinds of new materials, such as carbon materials and organic
polymers, have been proposed to replace Pt.! Unfortunately,
these materials have low catalytic activity, bad corrosion
resistance to a corrosive redox couple in the electrolyte, and
poor thermal stability. In recent studies, inorganic compounds
such as CoS and TiN, which show electrocatalytic activity in
reducing triiodide, have been applied in DSCs as the catalytic
material in the CE.’! Compared with carbon materials and
organic polymers, the inorganic compounds display unique
characteristics such as a broad variety of materials, a good
plasticity, and a simple fabrication. Thus, the development
and study of inorganic compounds as an alternative catalytic
material to Pt in the DSC system may pave a promising way to
reduce the cost of DSCs further and to make this system more
competitive among various photovoltaic devices.
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Transition-metal carbides are a potential substitute for Pt
because of their low cost, high catalytic activity, selectivity,
and good thermal stability under rigorous conditions. The
redox mechanism and the high catalytic activity of metal
carbides have been investigated in previous studies.!”! Tung-
sten carbide (WC) has been applied in polymer electrolyte
membrane fuel cells since Levy and Boudart first addressed
its Pt-like catalytic behavior, which is a consequence of its
electronic structure.”” Besides WC, some transition-metal
carbides, such as molybdenum, vanadium, chromium, tita-
nium, niobium, and tantalum carbides, have also been applied
in the hydrogenation of aromatic hydrocarbon molecules and
unsaturated alkenes.®

Herein, we attempt to replace Pt as the CE in the DSC
system by several carbides. Composites of MoC and WC
embedded in ordered nanomesoporous carbon materials
(MoC-OMC, WC-OMC) were synthesized with a modified
simple method (see the Supporting Information). Figure 1a,b
shows the surface morphologies of the blocky MoC-OMC and

Figure 1. SEM images of a) MoC-OMC, b) WC-OMC, e) Mo,C, and

f) WC powders (scale bars=5 um); and TEM images of ¢) MoC-OMC
and d) WC-OMC. The insets in (c) and (d) show magnified areas. The
scale bars in (a), (b), (e), and (f) are 5 um.
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WC-OMC with an average size of 100 nm by scanning
electron microscopy (SEM). In Figure 1c,d, the TEM
images show that the blocky MoC-OMC and WC-OMC are
built by ordered nanomesoporous carbon materials into
which the MoC or WC particles are incorporated. The
ordered nanomesoporous carbon materials consist of nano-
sized carbon particles. The synthesized MoC-OMC and WC-
OMC have large surface areas of 611 and 598 m’*g~!,
respectively, as calculated by the Brunauer-Emmett-Teller
(BET) method. The large surface area is crucial for high
catalytic activity. The XRD patterns of the synthesized MoC-
OMC and WC-OMC are shown in Figure Sla in the
Supporting Information. In addition, we evaluated the effects
of the amounts of the precursors (ammonium heptamolyb-
date or ammonium paratungstate) on 1) the crystallinity,
2) the sintering temperature, which influences the crystallin-
ity, and 3) the catalytic activity, which is also affected by the
crystallinity (see the Supporting Information, Figures S1 and
S2). For comparison, we also used purchased Mo,C and WC
powders as CEs to fabricate DSCs. Figure 1e,f shows the
surface morphologies of the purchased pure Mo,C and WC
powders, respectively. We calculated particle sizes for the
Mo,C and WC powders of 300 and 190 nm by using the data
obtained from BET surface area experiments.

MoC-OMC, WC-OMC, Mo,C, and WC electrodes were
prepared on a FTO glass with a spray-coating technique
developed by our group.’! To characterize the catalytic
activity of the MoC-OMC, WC-OMC, Mo,C, and WC
electrodes (Figure S3 in the Supporting Information) cyclic
voltammetry (CV) experiments were carried out. For com-
parison, we also measured the cyclic voltammograms of the Pt
and the carbon dye (CD) electrodes under the same
conditions. (CD is a low-cost carbon material abstracted
from coal tar.) Two pairs of redox peaks were observed for the
Pt, CD, MoC-OMC, WC-OMC, and Mo,C electrodes. The
relative negative pair was assigned to redox reaction (1)
[Eq. (1)] and the positive pair was assigned to redox
reaction (2) [Eq. (2)].'" In contrast, only one pair of redox
peaks assigned to Equation (1) was observed for the WC
electrode.

L™ +2e =3I 1)
3L +2e =21, 2)

Compared with the four other electrodes, the MoC-OMC
and WC-OMC electrodes exhibit large current densities,
which implies huge surface areas and high electrocatalytic
activities. The cathodic peaks of the Mo,C and the WC
electrodes which correspond to Equation (1) exhibit a more
negative potential than those of the Pt and CD electrodes, and
thus they show that Mo,C and WC can effectively catalyze the
reduction of triiodide to iodide.! Based on the CV analysis,
MoC-OMC, WC-OMC, Mo,C, and WC are expected to
perform as well as Pt in DSCs.

Figure 2 a shows the photocurrent-voltage curves of three
DSCs using MoC-OMC, WC-OMC, and Pt electrodes as CEs.
As shown in Table 1, the devices equipped with MoC-OMC
and WC-OMC CEs yield energy conversion efficiencies (7) of
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Figure 2. a) Photocurrent-voltage curves of DSCs with MoC-OMC,
WC-OMC, and Pt CEs; b) Photocurrent-voltage curves of DSCs with
Pt, CD, Mo,C/P25/CD, Mo,C/P25, WC/P25/CD, and WC/P25 CEs.
Mo,C/P25/CD, Mo,C/P25, WC/P25/CD, and WC/P25 electrodes were
prepared under optimized conditions (see the Supporting Informa-
tion).

Table 1: Photovoltaic performance of DSCs with different CEs® and EIS
parameters of the dummy cell assembled with two identical CEs.®!

Sample Jse V.. FF i R R, CPE
[mAcm™?]  [mV] 6] Q] [ [uF]
Pt 15.23 807 0.64 789 165 22 438
CD 14.18 805 0.63 720 209 24 253
MoC-OMC 15.50 787 0.68 834 171 13 382
WC-OMC 14.59 804 0.70 818 174 1.5 349
Mo,C/P25/CD  15.25 796 0.67 814 177 1.7 273
WC/P25/CD 14.93 810 066 803 174 1.8 31.8
Mo,C/P25 13.87 795 0.65 722 185 2.5 245
WC/P25 13.59 806 0.65 708 188 29 294

[a]J«: short-circuit current density; V,.: open-circuit voltage; FF: fill
factor; 7: energy conversion efficiency. [b] R;: series resistance; Rg:
charge-transfer resistance at the CE/electrolyte interface; CPE: constant
phase angle element.

8.34 and 8.18 %, respectively, which are superior to that of the
device with a Pt CE (7.89%). Thus, the high catalytic activity
of MoC-OMC and WC-OMC is validated.

To compare the catalytic activity of these CEs, we
assembled two DSCs equipped with pure Mo,C and WC
CEs, named device A and B. The energy conversion
efficiencies of the devices, 5.70 and 5.35% (Figure S4 in the
Supporting Information), are lower than those of the devices
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equipped with MoC-OMC and WC-OMC. The decreased
efficiencies result from the large size of the purchased pure
Mo,C and WC particles, which tend to aggregate and
subsequently show low catalytic surface area, bad conductiv-
ity, and weak bonding to the FTO glass substrate.

To avoid particle aggregation and to improve the bonding,
various amounts (10, 20, 50, 100, and 200 mg) of TiO, powder
(P25) were added to the Mo,C and WC paste and the
optimum amount of P25 was determined. As shown in
Table S1 in the Supporting Information, the devices using
Mo,C/P25 and WC/P25 CEs with 50 mg P25 yield the highest
efficiencies, 7.22 and 7.08 %, respectively, which are 27 and
32 % higher than the corresponding efficiencies of the devices
using Mo,C and WC CEs without P25 (Figure S5 and
experimental details are provided in the Supporting Informa-
tion). To improve the conductivity of the Mo,C/P25 and WC/
P25 electrodes, the optimum amount of CD was also
determined by adding various amounts of CD (10, 20, 50,
and 100 mg) to the Mo,C/P25 and WC/P25 pastes. Figure S6
in the Supporting Information shows the photocurrent—
voltage curves of the DSCs using Mo,C/P25/CD and WC/
P25/CD electrodes with various amounts of CD. The devices
using Mo,C/P25/CD and WC/P25/CD CEs with 50 mg P25
and 50 mg CD yield the highest efficiencies of 8.14 and
8.03 %, respectively. These values are 43 and 50% greater
than the efficiencies of the devices using pure Mo,C and WC
CEs (Table S2 in the Supporting Information).

After the preparation conditions of the Mo,C and the WC
CEs had been optimized, the Mo,C/P25/CD and WC/P25/CD
CEs match the performance of the Pt CE. Figure?2b
summarizes the photocurrent-voltage curves of the DSCs
with Mo,C and WC CEs prepared under optimum conditions.
The corresponding photovoltaic parameters are listed in
Table 1. We confirmed that MoC-OMC and WC-OMC
exhibit excellent catalytic activities and that they also show
decent catalytic activity in reducing triiodide. The addition of
P25 and CD to Mo,C and WC greatly improves the catalytic
properties.

To reveal the electrochemical characteristics of the MoC-
OMC, WC-OMC, Mo,C, and WC electrodes, electrochemical
impendence spectroscopy (EIS) experiments were carried out
with dummy cells fabricated with two identical electrodes
(CE/IL//CE). In Figure 3, the high-frequency intercept on
the real axis represents the series resistance (R;). Two maxima
in the middle- and low-frequency regions arise from the
charge-transfer resistance (R,) and the corresponding con-
stant phase angle element (CPE) at the CE/electrolyte
interface, and the Nernst diffusion impedance of the triio-
dide/iodide couple in the electrolyte, respectively.'!l The R,
value is calculated by fitting the left-hand hump, and it varies
inversely with the electrocatalytic activity for the reduction of
triiodide.*?! The small R, values of the MoC-OMC and WC-
OMC electrodes (Table 1) indicate that the Mo,C and WC
particles are firmly bonded to the substrate. Addition of TiO,
particles (P25; < 100 mg) reduces the R, of the Mo,C and the
WC electrodes (Figure S7a,b in the Supporting Information).
P25 plays the role of a binder and improves the bonding of the
Mo,C or the WC particles to the FTO glass substrate. This can
facilitate electron transmission across the CE/substrate inter-
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Figure 3. Nyquist plots of the dummy cell fabricated with two identical
Pt(e), CD (0), MoC-OMC (a), WC-OMC (), Mo,C/P25/CD (<), WC/
P25/CD (), Mo,C/P25 (¢), and WC/P25 (5) electrodes. The fre-
quency range was set from 100 mHz to 1 MHz, and the amplitude of
the alternating current was set to 10 mV. The inset shows the
corresponding circuit.

face (see Table S3 in the Supporting Information). In Table 1,
the R, of MoC-OMC and WC-OMC are 1.3 and 1.5 Q smaller
than the R, of Pt. The two electrodes have the largest CPE
and possess good catalytic activity and large surface areas, as
already observed in the CV experiments.'”! The addition of
P25 reduces the R, of the Mo,C and WC electrodes. Apart
from improving the bonding of the Mo,C or the WC particles
to the substrate, the addition of P25 also directly prevents the
Mo,C and WC particles from aggregation which leads to large
catalytic active areas. The addition of excessive P25, however,
lowers the catalytic activity, which is characterized by a large
R, and R of the Mo,C/P25 and WC/P25 electrodes and arises
from the poor conductivity of the CEs (see Figure S7a,c as
well as Table S3 in the Supporting Information). The addition
of CD reduces R, and R, owing to the improved conductivity
of the CEs. Figure S8a,c in the Supporting Information shows
the Nyquist plots of the dummy cells with Mo,C and WC at
various amounts of CD (see Table S4 in the Supporting
Information). The EIS results agree with the photocurrent—
voltage experiments.

To further examine the interfacial charge-transfer proper-
ties of the triiodide/iodide couple on the electrode surface.
Tafel polarization measurements were carried out in a dummy
cell similar to the one used in the EIS experiments. Figure 4
shows the logarithmic current density (logJ) as a function of
the voltage (U) for the oxidation/reduction of triiodide to
iodide. The anodic and cathodic branches of the MoC-OMC,
WC-OMC, Mo,C/P25/Cd, and WC/P25/Cd electrodes show a
larger slope than the conventional Pt and CD electrodes
which indicates the presence of a large exchange current
density (Jy) on the electrode surfaces. These results confirm
that the catalytic activity of MoC-OMC, WC-OMC, Mo,C,
and WC is sufficient to catalyze the reduction of triiodide to
iodide.!"

We have found that the addition of P25 and CD to Mo,C
or WC electrodes improves not only the J,, but also the
limiting current density (/;;,,). The optimum amounts of P25
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Figure 4. Tafel curves of different dummy cells that are similar to the
ones used for the EIS measurements.

and CD added to the CEs were determined by Tafel
polarization analysis (Figures S7b,d and S8b,d in the Support-
ing Information). The Jy;,, depends on the diffusion coefficient
of the triiodide/iodide redox couple in the DSC system.™! In
Figure 4, the Jy;,, values of the eight electrodes are of the same
magnitude. This finding indicates that there is a similar
diffusion coefficient in the symmetrical dummy cell according
to Equation (3), where D is the diffusion coefficient of the
triiodide, / is the spacer thickness, # is the number of electrons
involved in the reduction of triiodide at the electrode, F'is the
Faraday constant, and C is the triiodide concentration.

5+ iim 3)

In addition, J; can be obtained by Equation (4), where R,
is extracted from the electrochemical impendence spectra, T
is the temperature, R is the gas constant, and # is the total
number of individuals. The tendency of J, to vary on different
CE surfaces as described by Equation (4) is in accordance
with the results of the Tafel curve plots.**!

RT
nFR )
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We have successfully developed several carbide-based
catalysts—MoC-OMC, WC-OMC, Mo,C, and WC—for the
reduction of triiodide in the DSC system. CV, EIS, Tafel
polarization, and photocurrent—voltage analysis confirm the
excellent catalytic activities of the synthesized MoC-OMC
and WC-OMC composites, which are comparable to that of
the expensive Pt catalyst prepared by a pyrolysis method. The
purchased Mo,C and WC particles also catalyze effectively
the reduction of triiodide to iodide despite their large particle
size. Furthermore, the results show that the addition of P25
and CD improves the adhesion, the catalytic activity, and the
conductivity of the Mo,C and WC electrodes. The optimum
amounts of P25 and CD added to the CEs were also
determined. Our results demonstrate that molybdenum and
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tungsten carbide are potential alternatives to the expensive
and scarce Pt CE for low-cost DSCs.

Experimental Section
The experimental details for the preparation of metal carbides and
the fabrication of DSCs are described in the Supporting Information.
The X-ray diffraction experiments were carried out with an
automatic X-ray powder diffractometer (D/Max 2400, RIGAKU).
Nitrogen adsorption—desorption isotherms were measured with an
Antosorb-1 Apparatus (Antosorb-1, Quantachrome, USA) to deter-
mine the BET surface areas of MoC-OMC and WC-OMC as well as
pure Mo,C and WC powder. The morphologies of the MoC-OMC
and the WC-OMC as well as the pure Mo,C and the WC surfaces
were characterized by SEM (FEI HITACHI S-4800). The morphol-
ogies of MoC-OMC and WC-OMC were also characterized by TEM
(Tecnai G* Spirit). Cyclic voltammetry (CV) was carried out in a
three-electrode system in an Ar-purged acetonitrile solution of 0.1m
LiClO,, 10 mm Lil, and 1 mm I, at a scan rate of 100 mVs™! by using a
BAS 100B/W electrochemical analyzer. Platinum served as a counter
electrode and the Ag/Ag" couple was used as a reference electrode.
The photocurrent-voltage performance of the DSCs was measured
with a Keithley digital source meter (Keithley 2601, USA) and
simulated under AM 1.5 illumination (=100 mWcm™2, Solar Light
Co., INC., USA). The EIS experiments were conducted in dummy
cells by using a computer-controlled potentiostat (Zenium Zahner,
Germany) in the dark. The measured frequency ranged from
100 mHz to 1 MHz, and the amplitude of the alternating current
was set at 10 mV. The spectra were fitted by the Zview software. The
equivalent circuit diagram is shown in Figure 3. Tafel polarization
measurements were carried out with an electrochemical work station
system (LK-9805, Tianjin Lanli Inc.) in a dummy cell with a scan rate
of 50mVs.
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